The mitochondrial genome of Daphnia pulex (Crustacea, Cladocera) was cloned as a single fragment into the plasmid vector pUC12. The genome size, estimated from restriction endonuclease fragment lengths, is 15,400 _ 200 base pairs. The GC content, estimated from thermal denaturation studies, is 42%. The positions of 39 cleavage sites were mapped for 14 restriction enzymes. The distribution of these sites within the genome is random (P = 0.44). Heterologous hybridizations with Drosophila sylvestris mitochondrial DNA (mtDNA) probes indicate that gene orders within Daphnia and Drosophila mtDNAs are similar.
Introduction
Restriction fragment pattern (RFP) analysis of mitochondrial DNA (mtDNA) has become an extremely useful tool in population genetics. However, studies ofmtDNA variability in natural populations of crustaceans have not been forthcoming. This is regrettable, given the ecological and economic importance of many of these species, as well as the confused state of crustacean phylogenetics and taxonomy (Schram 1983) . Consequently, molecular cloning of Daphnia pulex (Crustacea, Cladocera) mtDNA was undertaken. Such a clone can be used as a hybridization probe for large scale population surveys and for the investigation of mitochondrial genome evolution within the Crustacea. 
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Materials and Methods
Mitochondrial DNA Extraction A single parthenogenetic clone ofD. pulex from Amana, Iowa, was reared in mass quantities. Mitochondrial DNA was extracted from approximately 100 g of Daphnia per extraction following procedures outlined in Lansman et al. (1981) . Animals were washed, resuspended in grinding buffer, and homogenized on ice with a motor-driven Teflon pestle and glass sleeve. Cellular debris was pelleted by low-speed centrifugation. Intact mitochondria were recovered by centrifugation and purified on discontinuous sucrose gradients (Lansman et al. 1981) . Mitochondria were lysed with SDS and phenol extracted. Mitochondrial DNA was ethanol precipitated and purified by CsC1/propidium iodide ultracentrifugation (Wright et al. 1983) .
Cloning
Approximately 0.5 #g of purified pUC12 DNA (Vieira and Messing 1982) and 1.0 #g of purified mtDNA were cleaved with Bam HI according to manufacturer's specifications (BRL). Ligation was carded out using T4 ligase in a 50-~1 reaction volume according to manufacturer's specifications (BRL). Twenty microliters of the ligation mixture were added to 200 ~1 of competent Escherichia coli (JM103) cells, prepared according to the procedure of Hanahan (1983) . Transformation and screening of transformed cells was performed according to procedures outlined in Maniatis et al. (1982) .
Plasmid Extraction
In order to confirm the identity of recombinant inserts, miniplasmid preparations were made from selected colonies according to the procedure of Klein et al. (1980) . Confirmed recombinants were stored as glycerol stocks at -70~ Large-scale plasmid preparations were performed according to the alkaline lysis procedure (Maniafis et al. 1982) to provide mtDNA for characterization. Restriction fragment patterns for the cloned mtDNA were compared to those obtained from purified Daphnia mtDNA in order to confirm that the entire genome had been cloned.
Characterization
PhysicalMapping. Mitochondrial DNA (10 ng per digest) was digested according to manufacturer's specifications (BRL) with the restriction endonucleases listed in Table 1 . Fragments thus generated were radioactively end-labeled, electrophoresed on agarose and acrylamide gels, and analyzed using the procedure of Wright et al. (1983) . Lambda DNA cut with Hind III was used The expected number of cut sites was calculated according to Lansman et al. (1981) . The calculations assume a molecule 15.4 kb in length with a GC content of 42% and a random distribution of nucleotides. GC content refers to the number of G:C pairs in the recognition sequence of each enzyme. Size refers to the cumulative size of all fragments observed for each restriction endonuelease. The Dra I cut sites were not mapped and are excluded from all subsequent analyses shading. Arrows show that the probe hybridized to the fragment but the exact endpoint within the fragment is unknown as there are no restriction sites within the fragment. Scale shown is in kilobases.
as a molecular weight standard. Sizing of fragments was accomplished using the DNAGEL program (Kieser 1984 ) modified according to Grewe and Hebert (1987) .
GC Content. The Tm value was measured using a Beckman DU-8 spectrophotometer with attached Tm module. Five micro~ grams ofmtDNA were suspended in 300 ~1 of 1 • standard saline citrate (SSC: NaC1, 0.15 M; citric acid, 0.015 M, pH 7.0) and degassed. Absorbance values were automatically recorded at 260 nm as the temperature was raised from 25"C to 98"C at a rate of 0.5"C per rain. Calf thymus DNA and salmon sperm DNA were used as reference standards, having known GC contents of 42~ and 43%, respectively (Marmur and Dory 1962). The GC content was determined from the T m value according to the conversion factor of Marmur and Doty (1962).
Genetic Mapping. Daphnia pulex mtDNA was cleaved with restriction endonucleases, electrophoresed in agarose, and transferred to nitrocellulose filters according to the procedure of Southern (1975) . Three subclones of the Drosophila sylvestris mtDNA genome (DeSalle et al. 1987 ) were used as probes (Fig.   1 ). Drosophila mtDNA was nick-translated to high specific activity using the procedure of Rigby et al. (1977) . Hybridization was carried out according to procedures outlined in Maniatis et al. (1982) . Low stringency washes were used (SDS 0.1%, SSC 0.5 x, 37*(2, 60 min).
Results
Cloning
The entire D. pulex mitochondrial genome was successfully cloned as a single fragment in the pUC12 vector. However, yields of this recombinant plasmid were low, and glycerol stocks were unstable. P is the probability that the observed deviation from the expected ratio can be attributed to chance. The level of significance: NS = not significant; ** = significant at the 0.01 level. The mean of the observed number of sites for each class was taken from Table 1 . The expected number of sites for each class was calculated as in Table 1 , using the GC contents shown
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For this reason, clones were constructed using Pst I sites and the methods outlined above. Three subclones were obtained that represent all but 200 base pairs of the entire mitochondrial genome. These subclones are substantially more stable than the Bam HI done.
of coding regions within each probe. However, the inferred gene positions are consistent with the gene order observed in Drosophila yakuba (Clary and Wolstenholme 1985) , but are inconsistent with that observed in humans (Anderson et al. 1981) .
Characterization
Physical Mapping. The size of the D. pulex mitochondrial genome, determined as the consensus length of all restriction fragment patterns (Table 1) , was found to be 15.4 _ 0.2 kb. Cleavage site positions were determined by the double digest procedure (Fig. 1) . A total of 39 sites were mapped for 14 enzymes with an average of 2.79 cleavage sites per enzyme (Table 1 ). The cleavage sites were analyzed to determine if they were randomly distributed (Watson 1961), using the computer program of Adams and Rothman (1982) . When cleavage sites were pooled, they were found to be randomly distributed throughout the genome (P = 0.44).
GC Content. The Tm value was 87~ which corresponds to an estimated GC content of 42%. The average number of cleavage sites observed was in close agreement with the number expected based on this GC content (Table 1) . The ratio of the number of cleavage sites observed for enzymes with differing proportions of GC base pairs in their recognition sequences was compared to the expected ratio by x 2 analysis. There was close agreement between the observed ratio and the ratio expected for a GC content of 42%. However, the ratio was significantly different from that expected for a GC content of 34% or 50% (Table 2) .
Genetic Mapping. Drosophila sylvestris mtDNA probes were found to hybridize to various fragments ofDaphnia mtDNA (Fig. 1) . The exact boundaries of the coding regions are unknown, due to lack of resolution in the physical map and the large number
Discussion
Genome Size
Animal mtDNA displays extreme size economy in general (Borst and Grivell 1981) . Even given this economy, the size of the D. pulex mitochondrial genome is near the lower limit of the range reported for animals. It is unlikely that this is due to the elimination of coding regions, as all animal mtDNAs, except those in nematodes (Wolstenholme et al. 1987) , contain the same coding regions. However, in different species of Drosophila the size of the AT-rich region is seen to covary with total genome size Wolstenholme 1976, 1980a,b) . The small size of the Daphnia mitochondrial genome might, therefore, be due to a reduction in size of an analogous region.
GC Content
The GC content reported here is high for invertebrates, which generally display lower GC contents (range 21-43%) than vertebrates (range 37-50%) (Brown 1983) . The Daphnia value (42%) is dramatically different from that reported for decapod crustaceans (29%) (Skinner and Kerr 1971) , but similar to that of the more closely relatedArtemia salina (38%) (Schmitt et al. 1974) . Increased GC content would of course be expected as a consequence of a reduction in the size of the AT-rich region.
Genetic Mapping
The inferred gene arrangement in Daphnia mtDNA is consistent with the gene order observed in Drosophila (Clary and Wolstenholme 1985) and the partial gene order determined for Artemia (Batuecas et al. 1988) . Sequence analysis of these genomes is currently underway in order to determine if differences in gene order exist. Such data, in coordination with other gene order determinations, could be important in addressing the issue of arthropod monophyly (Schram 1983) . The cloned DNA has already been used as a hybridization probe in large-scale population surveys ofD. pulex (Crease et al. 1989 ).
The clone has also been successfully employed as a heterologous probe for many other species within the genus, as well as other crustaceans as distantly related as decapods (Stanton I988) . Such data could be very useful in the determination of phylogenetic relationships among the Crustacea.
